Abstract. This paper presents the effects on the fluid film temperature distribution and performance of the cylinder block/valve plate interface due to compression heating/cooling effects on the fluid film. The fluid film temperature distribution plays a major role in the solution of the non-isothermal fluid flow in the lubricating interface due to the change in fluid properties and heat fluxes to the surrounding solid bodies. The heat fluxes result in a modified temperature distributions and thermal deflections of the solid bodies. The changing fluid properties and the heat generation make this a complex numerical problem. For this purpose a thermo-elastohydrodynamic model was developed which solves for the pressure and temperature distributions in the fluid film, the temperature distribution in the solid bodies and its elastic deformations due to pressure and thermal effects. The developed model is utilized to predict the fluid film temperature distributions in a 130 cc stock hydraulic unit.
INTRODUCTION
Axial piston machines of swash plate type are widely used in industrial applications ranging from aerospace, agriculture, construction, mining, transportation, heavy machinery, etc. These type of machines are popular because they present a variety of advantages over other type of positive displacement machines, such as variable displacement capabilities, compact, high power density, high overall efficiencies and reliable. This type of machine has three main lubricating interfaces the slipper/swash plate, piston/cylinder and cylinder block/valve plate interface, which perform two essential functions essential for the correct performance of the machine by bearing the external loads exerted on the rotating parts and sealing the pressurized fluid. Simultaneously, the lubricating interfaces are the main source of energy dissipation. Advancement in current technologies requires higher efficiencies, speeds and working pressures. These requirements have motivated a lot of researchers to investigate over the last decades the physical phenomena in the lubricating interfaces.
The cylinder block valve plate interface is one of these main lubricating interfaces. A lot of previous research has been conducted on analytical modeling, numerical modeling, and experimental investigations by [1] [2] [3] [4] [5] [6] . Wieczorek and Ivantysynova [2] developed CASPAR which predicts fluid film thickness by calculating the non-isothermal fluid flow in the lubricating interface while balancing the external loads exerted on the cylinder block with the fluid pressure generated in the fluid film. Huang and Ivantysynova [3] further expanded CASPAR by adding the effects of the pressure deformations of the cylinder block by coupling CASPAR with influence matrices generated in commercial FEM software. Jouini [7] developed a simplified heat transfer model in order to predict the temperature distribution in the solid bodies which is utilized to update the thermal boundary conditions for the non-isothermal fluid flow problem. The model that was utilized at the time neglected all elastic deformations on the valve plate and thermal deflection on the cylinder block. Later, Zecchi and Ivantysynova in [8] developed an advanced thermo-elastohydrodynamic model which can predict the fluid film thickness between the sliding surfaces. The fluid film thickness accurate prediction depends on the balancing of the external loads with the fluid pressure in the lubricating interface. The thermoelastohydrodynamic model calculates the pressure and temperature distributions in the fluid film accounting for micro-motion and elastic deformations due to pressure and thermal effects which balances the external loads. The model can then predict the performance parameters based on a full film lubrication regime such as the leakage flow and total energy dissipation of the lubricating interface. Although the model neglected the compression heating/cooling effects in the lubricating interface. Experimental work was performed in order to validate the numerical models. For this temperature measurements were performed under the running surface of the valve plate of a 100 cc and a 130 cc stock hydraulic unit to validate numerical models developed by [7] [8] [9] [10] . The fluid film performance is very sensitive to the temperature distribution in the fluid film since it modifies the fluid properties and the thermal deflections on the surrounding bodies. The change in fluid properties and thermal deflections result in a different fluid film thickness distribution and therefore a distinct lubricating interface performance. In the previous model developed by Zecchi the compression heating/cooling effects were neglected. Previous researchers in the tribology field have published a non-dimensional form of the energy equation which takes into account the compression heating/cooling effects [11] [12] . Shang and Ivantysynova [13] developed a lumped parameter thermal model which predicts the discharge port and case temperatures based on thermo-dynamic and heat transfer effects. First, the thermodynamic module calculates the temperature change in the displacement chamber and case control volumes due to adiabatic compression and expansion of the fluid. Afterwards, the heat transfer module solves the convective heat-transfer between the control volumes. The authors show how significant the temperature boundary settings are on the leakage flow and total energy dissipation. This paper shows the effects of accounting for the compression heating/cooling effects on the fluid film behavior. The simulation results are then compared against temperature measurements under the running surface of a valve plate of a 130 cc stock hydraulic unit.
Cylinder Block/Valve Plate Interface
The cylinder block/valve plate lubricating interface is formed in between the sliding surfaces of the cylinder block and the valve plate, shown in Figure 2 . The valve plate is stationary and the cylinder block rotates on top of the valveplate driven by the shaft. The cylinder block is able to translate about the z-axis and to incline about the x-and y-axis in order to balance the external loads on the block. For a complete description of the external loads exerted on the cylinder block please refer to [1] . -1C10 -
THERMO-ELASTOHYDRODYNAMIC MODEL
The cylinder block/valve plate lubricating interface model is composed of four main modules. The first module is the non-isothermal fluid flow module. The governing equations in this module are the Reynolds and the Energy equations. These equations are solved through a finite volume method approach to calculate the temperature and pressure distributions in the fluid film. The second module is an in-house developed FEM module which calculates the elastic deformations due to pressure loadings in the lubricating interfaces' sliding surfaces. The FEM module utilizes an influence matrix approach which utilizes a linear superimposition principle. The influence matrices are calculated off-line which results in a large reduction in computational cost. Third, the heat transfer module predicts the temperature distributions in the solid bodies in contact with the lubricating interface. Fourth is the FEM module responsible for calculating the elastic deformation due to thermal stresses in the solid bodies.
FIGURE 3.
Cylinder block/valve plate thermo-elastohydrodynamic model.
Thermal Elasto-hydrodynamic Lubrication Governing Equations
The calculation of the temperature in the fluid film is done by solving the Energy equation via a finite volume method approach. Figure 3 shows the three-dimensional structured fluid mesh utilized in the solution of the Energy equation. The cylinder block/valve plate interface local coordinate system is shown in this figure as well, the origin is coincident with the valve plate undeformed surface and the intersection with the shaft axis (zaxis). The high pressure port is located on the positive x-axis while the low pressure port is on the negative yaxis. The fluid mesh is updated at each shaft angle, since the lubricating interface geometry is changing due to the fact that the cylinder block is rotating about the z-axis therefore the displacement chamber openings position change with respect to the shaft angle. The temperature distribution is solved for each shaft angle. The compression heating/cooling effects are considered by calculating the change in enthalpy on each individual fluid cell. The equations which were utilized are shown in Eq. (1) and (2). Eq. (1) left hand side contains the total enthalpy on the current time step and on the right hand side it has the previous total enthalpy plus the change from the previous to the current step. The change from the previous time step includes effects which were considered in previous models; convection, diffusion and the viscous dissipation source. Furthermore, the compression heating/cooling effects is captured in the calculation of the specific enthalpy. The specific enthalpy is calculated utilizing Eq. (2). The fluid properties are pressure and temperature dependent and this has to be taken into consideration in the calculation of the density, specific volume, viscosity, and heat capacity. In the interest of keeping this paper within the specified length the equation derivations and numerical method extended details will be later published in a journal publication.
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Heat Transfer Finite Volume Model
The heat transfer module calculates the temperature distribution in the solid bodies. The heat transfer module assumes a quasi-steady state. The temperature distribution in the solid bodies is crucial to set the correct thermal boundary conditions for the solution of the non-isothermal fluid flow. The heat transfer problem needs all the surface boundaries of the solid bodies defined with the most accurate representation of the boundary conditions. Three possible boundary conditions are utilized to define the heat transfer problem. First, the Dirichlet boundary condition sets a fixed temperature field on the surface boundary, which can be a uniform or distributed temperature field. Second, a mixed boundary condition applies an indirect heat flux through Newton's law of cooling. And third, the Neumann boundary condition applies directly a heat flux to the surface boundaries. An example of the boundary conditions set for the cylinder block and the valve plate/endcase assembly is shown in Figure 3 . The "Gap" surface boundary is the surface which is direct contact with the lubricating interface. The heat flux is calculated in the non-isothermal fluid flow module as in [10] . The remaining surfaces' boundary conditions are set by utilizing a mixed boundary condition. The utilized heat transfer coefficients are calculated utilizing commercial CFD software. The fluid volume temperatures are either measured from steady state measurements or calculated using the model developed in [13] . 
RESULTS
In this section the proposed thermo-elastohydrodynamic model is validated by comparing predicted temperature distributions under the valve plate from simulation results with temperature measurements previously performed in [10] on a 130 cc stock swash plate type axial piston machine unit. The hydraulic unit was modified by installing 22 k-type thermocouples 5 mm underneath the valve plate's running surface. Unfortunately one of the thermocouples was damaged before the measurements were performed; therefore one of the measurement points for each operating condition displays a 0.0 °C. Figure 6 (a) shows the temperature measurements for the operating condition (OC) of 2800 rpm 200 bar at 50% displacement in pumping mode. Figure 6(b) shows the temperature distribution calculated in the thermoelastohydrodynamic model on the right. The pressure boundary conditions were obtained from a lumped parameter approach which calculates the instantaneous pressure in the displacement chamber. The thermal boundary temperatures for the inlet and discharge port as well as the case volume was obtained from the steady state measurement while measuring the temperature under the valve plate (inlet temperature, Tin = 52.6 °C; outlet temperature, Tout = 56.6 °C and case temperature, Tcase = 82.3 °C). The model prediction comes quite close to the temperature measurements but the elastic deflections of the valve plate surface have a large impact on the fluid film behavior, more research needs to be performed in the elastic deformations of the valve plate/end case assembly. Figure 7 shows the three-dimensional representation of the fluid film thickness at shaft angle 0°. Figure 7 (a) has the fluid film thickness color coded and Figure 7 (b) the pressure distribution in the fluid film. The high temperatures obtained in Figure 6 are due to low fluid film thickness which is shown in Figure 7 . Similarly, the low temperatures correspond to thick fluid film and a high leakage flow resulting in a cooling effect. A similar comparison is presented for a different operating condition with a higher pressure of ∆p = 400 bar. Figure 8 shows the comparison done for an operating condition of 2800 rpm 400 bar at 50% displacement in pumping mode. Figure 8(b) shows the temperature distribution calculated in the thermo-elastohydrodynamic model. The pressure boundary conditions were obtained from a lumped parameter approach which calculates the instantaneous pressure in the displacement chamber. The thermal boundary temperatures for the inlet and discharge port as well as the case volume was obtained from the steady state measurement while measuring the temperature under the valve plate (inlet temperature, Tin = 52.6 °C; outlet temperature, Tout = 56.6 °C and case temperature, Tcase = 82.3 °C). Figure 9 shows the three-dimensional representation of the fluid film thickness at shaft angle 0°. Figure 9 (a) has the fluid film thickness color coded and Figure 9 (b) the pressure distribution in the fluid film. The high temperatures obtained in Figure 8 (b) are due to low fluid film thickness which is shown in Figure 9 (a). Similarly to the previous operating condition, the low temperatures correspond to thick fluid film and a high leakage flow resulting in a cooling effect.
FIGURE 8.
Comparison between measurement and simulation results (2800 rpm, 400 bar and 50%). 
CONCLUSIONS
This paper presents a new thermo-elastohydrodynamic model which incorporates the compression heating/cooling effects on the cylinder block/valve plate interface temperature distribution in the fluid film for the first time. The advanced thermo-elastohydrodynamic model was validated by comparing against laboratory measurements performed on a 130 cc swash plate type axial piston machine. The temperature measurements were matched with reasonable accuracy. It was demonstrated that the high temperatures in the fluid film are corresponding to areas of low fluid film thickness and the low temperature to areas of thick fluid film thickness. The compression heating/cooling effects increases the fidelity of the thermo-elastohydrodynamic model. Additionally, it was found that the boundary conditions on the valve plate/end case assembly for the thermal and pressure deformations have a large impact on the resulting behavior of the fluid film. Further research needs to be done in correctly constraining this component for the cylinder block valve plate interface. 
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